Leptin has been implicated in the regulation of feed intake, growth, and reproduction.
Introduction
The hypothalamus is critically involved in interactions among physiological systems, receiving and integrating nutritional cues from the body, and functioning to regulate nutritional status, reproduction, and growth through alterations in feed intake and neuroendocrine function. Of the circulating nutritional cues acting on the hypothalamus, leptin is currently receiving great attention (Friedman & Halaas 1998 , Houseknecht et al. 1998 , Schwartz et al. 2000 . Because serum concentrations of leptin correlate highly with percent body fat in rodents and humans (Considine et al. 1996 , Grinspoon et al. 1996 , Ostlund et al. 1996 , Ryan & Elahi 1996 , it is proposed that leptin functions as a lipostatic signal, acting on the hypothalamus as a signal of body adipose mass. Much research is currently being done on the direct effects of leptin in rodents. The reports demonstrate that leptin is an important regulator of the hypothalamic, neuroendocrine, and endocrine processes regulating appetite (Campfield et al. 1995 , Halaas et al. 1995 , Pelleymounter et al. 1995 , puberty (Ahima et al. 1997 , Chehab et al. 1997 , Cheung et al. 1997 , and luteinizing hormone (LH) and growth hormone (GH) secretion (Ahima et al. 1996 , Barash et al. 1996 , Carro et al. 1997 , Kalra et al. 1998 , Nagatani et al. 1998 , Cocchi et al. 1999 , especially in response to fasting.
In contrast, limited data have been generated regarding the administration of leptin to non-rodent species (Barb et al. 1998 , Finn et al. 1998 , Ramsey et al. 1998 , Lado-Abeal et al. 1999 , Tang-Christensen et al. 1999 . Especially lacking are investigations of the direct administration of leptin to nutrient-restricted animals, with few data existing for species other than rodents and short-term fasted primates (Finn et al. 1998 , Lado-Abeal et al. 1999 . These observations emphasize a deficiency in our understanding of leptin physiology, especially when considering the unique differences that exist between rodents and other species.
Ruminants represent a physiological system distinct from rodents, but one critically important agriculturally and experimentally. The existence of the rumen and the relatively larger body fat reserves within the ruminant serve as a buffer to rapid physiological changes that accompany acute caloric and protein restriction in monogastrics. Also of note is the dichotomy of neuroendocrine responses to the undernourished condition exhibited by ruminants and rodents, especially in the somatotrophic axis. Because nutrient-restricted rodents exhibit reduced GH concentrations (Tannenbaum et al. 1979 , Sisk & Bronson 1986 , Bronson & Heideman 1990 , Bruno et al. 1990 ) whereas nutrient-restricted ruminants and most other livestock and primates exhibit increased GH concentrations (Vandergrift et al. 1985 , Phillips 1986 , Gluckman et al. 1987 , Foster et al. 1989 , Thissen et al. 1994 , it may be premature to extrapolate the somatotrophic responses of rodents to nutrient restriction in order to predict responses within ruminants or other species.
Although data exist pertaining to the existence of leptin and its receptor in livestock species (Dyer et al. 1997a ,b, Ramsay et al. 1998 , few reports describe the direct administration of leptin to livestock (Barb et al. 1998 . Unfortunately, neither of the latter two groups addressed the response of undernourished animals to leptin. Thus information concerning the ability of leptin to alleviate nutritionally induced changes in the gonadotrophic and somatotrophic axes in undernourished livestock is currently lacking. To examine the role of leptin in the regulation of feed intake and the secretion of LH and GH, we infused leptin intracerebroventricularly (i.c.v.) for 8 days into both well-fed and undernourished ewe lambs. We hypothesized that continuous i.c.v. infusion of leptin would alleviate the suppressed gonadotrophic axis and the stimulated somatotrophic axis observed in undernourished lambs.
Materials and Methods

Animals and treatment groups
All animals and procedures used in this experiment were approved by the University of Missouri-Columbia Animal Care and Use Committee. Eighteen ovariectomized yearling crossbred ewe lambs averaging 40 1 kg in weight were individually housed indoors under a photoperiod of 10 h light : 14 h darkness. Lambs were ovariectomized at 27 weeks of age to avoid complications resulting from gonadal steroid feedback and estrous cyclicity. During a 14-day acclimation period, lambs were fitted with two lateral cerebroventricular cannulae (McShane et al. 1992) and immediately thereafter randomly assigned to receive one of two diets. Nine lambs received a maintenance diet (800 g/day) of a mixed ration (fed), and nine lambs received 38% of the maintenance diet (300 g/day; dietrestricted). Lambs were fed once daily in the afternoon, and had free access to water.
Infusion procedure
After a 14-week dietary adaptation period, fed and dietrestricted lambs were randomly assigned to receive i.c.v. infusions of either leptin (n=5 lambs per group; leptin diet-restricted and leptin fed) or saline (n=4 lambs per group; saline diet-restricted and saline fed) over an 8-day infusion period. Recombinant ovine leptin was produced and purified as described by Gertler et al. (1998) . Lyophilized leptin was initially dissolved in distilled, deionized water to facilitate solubilization, and then diluted in sterile, physiological saline for infusion. Delivery of the infusate was controlled by computer, which incrementally increased the volume delivered each hour. This procedure allowed for a constant, linearly increasing delivery of the infusate (Rozell & Keisler 1990) . The infusion was designed so that a maximum dose of 1·25 µg/kg per h of recombinant ovine leptin would be reached on day 8 of the infusion, with half the maximum dose being delivered on day 4. The saline-treated lambs received volumes identical to that infused into the leptin lambs (range 0-2 ml/h). This infusion procedure was utilized because it allowed an investigation of the effects of continuous, long-term exposure to leptin, in addition to the response to a continuum of doses.
Data collection
Lambs were allowed access to feed for 1 h each afternoon. Weight of feed remaining after 1 h was subtracted from the total daily ration to estimate daily feed intake. Before the initiation of infusions, lambs were fitted with indwelling jugular cannulae. On days 0, 2, 4, 6 and 8 blood samples were collected every 10 min for 4 h. Samples were collected in the afternoon, with feed offered approximately 1 h after the last sample. Samples were allowed to clot overnight at 4 C, and serum was harvested and stored at 20 C until required for assay. Serum LH and GH concentrations were determined via double antibody radioimmunoassay procedures (Rozell & Keisler 1990 , Powell & Keisler 1995 . Briefly, serum concentrations of LH and GH were separately determined in duplicate 200-µl serum samples. LH was determined with the RAoLH TEA No. 35 heterologous ovine antiserum (Adams et al. 1975) and reagents provided by the National Institute of Diabetes and Digestive and Kidney Diseases National Hormone and Pituitary Program (NIDDK-NHPP; courtesy of Dr A F Parlow). GH was determined using the AFPC0123080 anti-ovine growth hormone primary antisera and other reagents also provided by the NIDDK-NHPP. The GH and LH intra-and interassay coefficients of variation were 4 and 6% for GH and 5 and 15% for LH respectively. Serum concentrations of leptin were determined in samples collected on day 0 and day 8 via double-antibody radioimmunoassay procedures (Delavaud et al. 2000) . Briefly, serum concentrations of leptin were assayed in duplicate 200-µl samples using a rabbit anti-ovine leptin primary antibody, iodinated ovine leptin (Gertler et al. 1998 ) and sheep anti-rabbit secondary antibody. The leptin intra-and interassay coefficients of variation were 4 and 11% respectively. Serum concentrations of insulin were determined using a commercially available insulin kit (Diagnostic Products Corporation, Los Angeles, CA, USA). For each lamb on days 0, 4, and 8, serum concentrations of insulin were determined in hourly pools of the individual 10-min samples. Samples were assayed in duplicate in a single assay, with a coefficient of variation of 2%.
Statistical analysis
Mean concentrations of LH and GH and pulse frequencies and amplitudes of LH and GH were determined for each animal within each day using the CLUSTER pulse analysis program (Veldhuis & Johnson 1986 ). Mean concentrations of leptin, representing an average of the 25 samples collected during the 4-h sampling interval on days 0 and 8, were determined for each animal and analyzed using the general linear model SAS (1996) procedure. Effects in the model were treatment (infusion of leptin compared with saline), nutrition (fed compared with diet-restricted), and the treatment nutrition interaction. Daily feed intake, mean serum concentrations of insulin, LH and GH, and LH and GH pulse frequencies and amplitudes (per 4-h sampling interval) were analyzed as repeated measures using the Mixed Model Procedures of SAS (SAS 1996 , Littell et al. 1996 . Multiple covariance structures were tested, and the model-fitting statistics were compared to determine the best fitting model. Effects within the model were treatment (leptin compared with saline), nutrition (fed compared with diet-restricted), day of infusion and all possible interactions. Mean separation procedures were conducted using the LSMEANS statement with the PDIFF option in both GLM and MIXED, and thus represent least significant differences tests for all pair-wise comparisons within the significant main effect or interaction. Data are presented as least squares means ...
Results
Feed intake
At the initiation of the infusions, fed lambs weighed 43 2 kg and diet-restricted lambs weighed 23 1 kg. Because fed and diet-restricted lambs were offered differing amounts of feed, the effect of nutritional status on feed intake was experimentally imposed and therefore only differences within nutritional groups were evaluated. Feed intake in fed lambs (Fig. 1 ) differed significantly with respect to treatment and day (treatment day, P=0·001). On day 0, no difference in feed intake existed between leptin-and saline-infused fed lambs (P=0·66) -a trend that continued until day 3. However, by day 4, leptininfused fed lambs ate less than saline-infused fed lambs, Figure 1 Feed intake in fed (FED) and diet-restricted (RES) lambs treated with leptin or saline. Leptin decreased feed intake in fed lambs on days 4 to 7 compared with that in saline-infused controls (P<0·001), but had no effect on feed intake in diet-restricted lambs (P>0·25).
with feed intake continuing to decline to day 7 (P<0·001). In contrast to the feed intake in fed lambs, that in diet-restricted lambs did not differ with respect to treatment or day ( Fig. 1; P>0·25) .
Serum leptin
Nutritional status had a significant effect on mean serum concentrations of leptin on day 0, with fed lambs having greater concentrations of leptin than diet-restricted lambs (P=0·007; Fig. 2 ). On day 8, serum concentrations of leptin differed with respect to nutritional status (P=0·007; Fig. 2 ) and leptin treatment (P=0·003). Serum concentrations of leptin were greater in fed than in diet-restricted lambs, but were also greater in leptin-treated lambs than in saline-treated lambs.
Insulin
Serum concentrations of insulin differed with respect to nutritional status, fed lambs having greater mean concentrations of insulin than diet-restricted lambs throughout the entire experiment (P=0·003; Fig. 3) . Treatment of lambs with leptin and the subsequent increase in serum leptin concentrations had no effect on mean concentrations of insulin in fed or diet-restricted lambs (P=0·82).
Luteinizing hormone and growth hormone
Neither nutritional status nor infusion of leptin significantly influenced mean concentrations of LH (P>0·66). However, nutritional status affected LH pulse frequency, Figure 2 Serum concentrations of leptin on day 0 (pretreatment) and day 8 in fed (FED) and diet-restricted (RES) lambs treated with leptin or saline. Serum leptin was influenced by nutritional status on day 0, fed lambs having greater leptin concentrations than diet-restricted lambs (P=0·007). On day 8, serum concentrations of leptin were influenced by nutritional status (P=0·007) and leptin treatment (P=0·003), concentrations of leptin being greater in leptin-treated than in saline-treated lambs. Nutr, nutritional status; TRT, treatment. with diet-restricted lambs having fewer pulses per sampling interval than fed lambs over the entire experiment (P=0·038; Fig. 4) . Treatment of lambs with leptin did not affect LH pulse frequency in either the fed or dietrestricted lambs (P=0·85; Fig. 4) , and neither nutritional status nor leptin treatment affected LH pulse amplitude (P>0·18).
Mean concentrations of GH differed with respect to nutritional status, treatment, and day (treatment nutrition day, P=0·002; Fig. 5 ). Mean GH was greater in diet-restricted than in fed lambs for all time periods, regardless of leptin treatment (P<0·01). Leptin had no effect on serum concentrations of GH in fed lambs (P>0·32; Fig. 5 ). However, leptin treatment increased serum concentrations of GH in diet-restricted lambs P<0·006). On day 0 (before leptin treatment), mean GH did not differ between leptin-and saline-infused dietrestricted lambs (P=0·9). In contrast, in diet-restricted lambs treated with leptin, GH increased from 41 7 ng/ ml on day 0 to a maximum of 70 9 ng/ml on day 6 (P=0·006; Fig. 5 ). Nutritional status altered GH pulse frequency and amplitude, with diet-restricted lambs having more pulses per sampling interval than fed lambs (1·98 0·14 compared with 1·36 0·14; P=0·026) and greater pulse amplitudes than fed lambs throughout the experiment (81·4 7·5 compared with 24 7·7 ng/ml; P=0·0001). Infusion of leptin had no effect on GH pulse frequency (P>0·37), and did not significantly influence GH pulse amplitude, although leptin-treated dietrestricted lambs had numerically greater GH pulse amplitudes than saline-treated diet-restricted lambs on days 6 and 8 of the infusion (113·3 14·4 compared with 60·4 12·9 on day 6; 103·9 14·4 compared with 74·4 12·9 ng/ml on day 8; treatment time P=0·10).
Discussion
If leptin serves as an endocrine signal linking peripheral adipose stores to regulatory centers within the hypothalamus, changes in nutritional status should be accompanied by changes in serum leptin concentrations. In the present study, serum concentrations of leptin were approximately three times lower in diet-restricted lambs than in fed lambs, supporting the findings of both Delavaud et al. (2000) and Blanche et al. (2000) . This observation demonstrates that in the lamb, as in other species, serum leptin concentrations are responsive to changes in nutritional status, body fat mass, or both. It should be noted that serum Figure 4 LH pulse frequency (pulses per 4-h sampling interval) in fed (FED) and diet-restricted (RES) lambs. Diet-restricted lambs had fewer pulses per sampling interval than fed lambs throughout the study (P=0·038). Leptin treatment did not affect LH pulse frequency in fed or diet-restricted lambs on any day of measurement (P=0·85). Nutr, nutritional status; TRT, treatment.
Figure 5
Mean serum concentrations of GH in fed (FED) and diet-restricted (RES) lambs treated with leptin or saline. GH was greater in diet-restricted than in fed lambs, regardless of treatment (P<0·01). Infusion of leptin had no effect on GH in fed lambs (P>0·32). Infusion of leptin increased serum concentrations of GH in diet-restricted lambs (P<0·006). leptin concentrations were greater in both fed and dietrestricted leptin-infused lambs than in saline-infused lambs on day 8 of the infusion. Although it is possible that i.c.v. infusion of leptin may influence peripheral secretion of leptin by yet unknown mechanisms, the more likely conclusion is that the i.c.v.-infused leptin simply diffused from the laterocerebroventricles into the peripheral circulation. Consequently, the observed effects of leptin treatment on feed intake and GH secretion may not be solely due to centrally mediated mechanisms.
Along with lower concentrations of leptin, dietrestricted lambs also had reduced serum concentrations of insulin, supporting the hypothesis that both leptin and insulin are circulating signals of nutritional status. Recent work has focused on interactions between leptin and insulin, proposing that insulin acts in an adipogenic/ leptogenic fashion, whereas leptin negatively regulates insulin secretion (Baskin et al. 1999 , Loftus 1999 , Kieffer & Habener 2000 , Schwartz et al. 2000 . Although we did not expect i.c.v. delivery of leptin to alter peripheral concentrations of insulin, the opportunity to test the leptin-insulin interaction arose after the realization that serum leptin concentrations were indeed increased in response to i.c.v. infusion of leptin. In this study, the increase in serum concentrations of leptin had no effect on insulin concentrations. We conclude from these analyses that, although insulin may act to regulate leptin secretion (both were reduced in the diet-restricted lambs), moderate increases in serum concentrations of leptin may not affect serum concentrations of insulin in sheep. This observation illustrates potential differences that may exist in the insulin-leptin axis between ruminants and monogastric species, and also supports a regulation of feed intake and GH secretion by leptin that is independent of insulin.
Central infusion of leptin markedly suppressed feed intake in the fed, but not the diet-restricted lambs in this study. This strong effect illustrates that leptin does indeed regulate feed intake in ruminants, but the lack of effect on food intake in diet-restricted lambs raises questions as to the magnitude of control that leptin exerts over appetite in restricted lambs relative to other endogenous cues. As hypothalamic leptin receptor expression is increased in undernourished lambs (Dyer et al. 1997a) , we anticipated an increase in leptin sensitivity in the diet-restricted lambs, but these lambs instead displayed a reduced sensitivity to the satiating effects of leptin. It should be noted that, because leptin was administered on a body-weight basis, the diet-restricted lambs received a mass of leptin that was approximately 50% of that delivered to the fed lambs. Thus it is possible that a greater dose of leptin would act to suppress intake in these diet-restricted lambs. Alternatively, other cues of nutritional status, such as insulin, might synergistically act with leptin to suppress appetite, as collateral mechanisms, mediated by metabolic or endocrine cues other than leptin, may coexist to ensure that the poorly nourished ruminant satisfies the need to eat.
In rodents (and, arguably, primates) previous studies have demonstrated a significant positive relationship between leptin and LH secretion. These studies primarily demonstrate that the suppression of LH secretion induced by nutrient restriction can be relieved by administration of leptin (Ahima et al. 1996 , Finn et al. 1998 , Kalra et al. 1998 , Nagatani et al. 1998 . In the present study, poor nutritional status significantly reduced LH pulse frequency, a classical reproductive response to undernutrition (Foster & Olster 1985 , Foster et al. 1989 . However, infusion of leptin had no effect on mean LH or LH pulse frequency in either fed or diet-restricted lambs. Why leptin appears to stimulate LH in fasted rodents but not in our diet-restricted lambs is unknown. Because our lambs were in a chronic state of nutrient deprivation (and reduced LH secretion), leptin administration was anticipated to reverse this pre-existing condition. Contrastingly, most rodent work has examined the response to a shortterm fast, with leptin frequently being administered at or near the initiation of the fast (Ahima et al. 1996 , Finn et al. 1998 , Kalra et al. 1998 , Nagatani et al. 1998 . Thus in those studies leptin was not used to overcome a preexisting condition, but instead acted to prevent the induction of the condition. It remains to be determined if leptin will act similarly in acutely undernourished lambs or in lambs exposed to steroidal feedback.
In contrast to the unremarkable gonadotropic response, both nutritional status and infusion of leptin significantly altered serum concentrations of GH. In diet-restricted lambs, the increased GH was consistent with the classic pattern observed in malnourished humans and livestock (Vandergrift et al. 1985 , Phillips 1986 , Gluckman et al. 1987 , Foster et al. 1989 , Thissen et al. 1994 . We hypothesized that central infusion of leptin would act hypothalamically to communicate a high body fat condition, and thus GH would decrease in leptin-treated diet-restricted lambs to concentrations similar to those in fed lambs. Quite surprisingly, the opposite response was observed, in that i.c.v. infusion of leptin further increased the serum concentrations of GH in diet-restricted lambs, but did not alter GH in fed lambs. The mechanism for this nutrition-dependant stimulation is currently unknown. As GH promotes lipolysis (Hart et al. 1984 , Dietz & Schwartz 1991 , Richelsen 1997 , perhaps the increased GH is meant to mobilize the excess fat represented by high leptin concentrations. Also of interest is the possibility that the increase in GH in leptin-treated diet-restricted lambs is a response associated with compensatory or 'catch-up' growth (Boersma & Wit 1997) .
Previous work in rodents and pigs has demonstrated a stimulation of GH secretion after leptin administration (Carro et al. 1997 , Barb et al. 1998 , Tannenbaum et al. 1998 , Vuagnat et al. 1998 and, in several studies, fasted animals were reported to display a more robust GH response than that in well fed animals (Carro et al. 1997 , Vuagnat et al. 1998 . We emphasize that the increase in GH in this study is clearly not a secondary effect of reduced intake or altered insulin secretion, because leptin infusion did not influence feed intake or insulin concentrations in the diet-restricted lambs. This work clearly shows that, in the ruminant, leptin can have direct effects on neuroendocrine function independent of its ability to modulate feed intake.
The results demonstrating a leptin-induced suppression of feed intake in fed lambs agree with the findings of others . However, because Henry and coworkers only used well-fed ewes, they were unable to demonstrate a change in either LH or GH in response to leptin infusion. Intriguingly, our present work also supports the dissociation of the neuroendocrine and appetiteregulatory functions of leptin in sheep previously described by Henry and coworkers (1999) , although in the present study fed lambs displayed more sensitivity to appetiteregulatory effects, and diet-restricted lambs more sensitivity to neuroendocrine (GH) regulatory effects.
From this work, we propose that leptin represents an important functional link between adipose stores and hypothalamic function in ruminants. We demonstrate that leptin concentrations change in response to reduced nutritional status, and that leptin has the ability to regulate multiple physiological processes in lambs, including both feed intake and neuroendocrine function.
